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INTRODUCTION

Wnhen biomass particles are heated very rapidly (>1000°C/s) in an oxygen free
environment, they undergo pyrolysis with the formation of 1ittle or no char (1,2}.
If concentrated solar energy is used to rapidly heat the particles (3), their tem-
perature may exceed that of the surrounding gaseous environment by several hundred
degrees Celsius when pyrolysis occurs (4,5). This "two temperature" effect gives
rise to the formation of high yields of sirups from the pyrolyzing biomass (6-8).
Our interest in the selective formation of sirups during the radiative flash pyrol-
ysis of biomass caused us to initiate numerical explorations of the combined effects
of heat and mass transfer on the radiative flash pyrolysis phenomena. These explor-
ations are described in this paper.

An earlier work (9) presented the derivation of the general equalions governing
chemical reaction, species, energy, and momentum conservation, as well as the appro-
priate beundary conditions, foir a spherical particle of cellulose undergoing rapia
pyrelysis in an intense radiative flux. The following section discusses three sim-
plified sets of equations, which represent three different levels of physical com-
plexity, and offer some insight into the more complex problem.

SIMPLIFIED PYROLYSIS MODELS

The general pyrolysis model (9) is specified by a coupled set of two ordinary
and three partial differential egquations, as well as the appropriate boundary condi-
tions. The three "level” problems discussad in this section simplify the general
problem by representing only the effects of: (1) chemical reaction and external
heat transfer, (2) chemical reaction, exterral and internal heat transfer, and (3)
chemical reaction, external heat transfer and internal mass transfer.

The major assumptions underlying the Level 1 problem are that the resistances
to heat and mass transfer within the particle are negligible. Hence the particle
is assumed to sustain no temperature or pressure gradients within it. We also
assume that only a sirgle vapor phasz species (levoglucosan) is present within the
particle, and we nealect the kinetic energy of the vapor as well as the rate of
change of its enthaipy relative to that of the cellulose. Integrating over the
volume of the particle, the energy conservation equation becomes
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where
pe = alpg - o) 3)

with pso,pc=0 and T=T,i at t=o. In previous studies, a constant value for the heat

transfer coefficient h was assumed. As discussed in Reference 7, the outward bulk
flow of voltatiles generated by pyrolysis effectively reduces the rate at which heat
is transferred from the surrounding gaseous environment to the particle. The correc-
ted heat transfer coefficient h is related to the uncorrected value h by

¢
€91 4)

To nondimensionalize equations 1 ~4 we take as a reference temperature T
the temperature at which the devolatilization rate is maximum. A reference timd is
chosen to be (Tp-T;)/8 where 8 is a characteristic average heating rate. Table 1
summarizes the six dimensionless parameters ©1-@¢ which result from a nondimension-
alization of Eq. 1. A further discussion of the significance of these parameters
is given in the following section.

.
h_.

The Level 2 problem accounts for the existence of temperature gradients within
"large" particles undergoing rapid heating, or particles with a low thermal dif-
fusivity. The resistance to mass transfer is still presumed to be negligible;
pyrolytic vapors exit the particle without holdup. With these assumptions, the
energy equation becomes
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wherein the molar flux of volatiles N is given by the species continuity equation
1 2 (r2uN) = bw
5 == 3
r ar

The initial and boundary conditions associated with Eqs. 2, 3, 5, and 6, which

specify the Level 2 problem, are given by
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The nondimensionaiization of Eqs. 2, 3, and 5-7 introduces the two new dimensionless
parameters 6, and g given in Table 1.

The Level 3 problem attempts to account for the effects of mass transfer on the
Level 1 problem. Twn major assumptions are made: (1) the resistance to heat trans-
fer within the particle is negligible; hence the particle is considered to be iso-
thermal, and (2§ the mass flux is given by the hydrodynamic flow expression

B .dc.
N, =(-p;_0)_"i 8)
i L

Equation 8 presumes viscous flow to be much greater thanthe diffusive flow, which
would be the case if the permeability By is large compared to the diffusivity of
the gas within the solid. An evaluation of the mass transfer peclet number pBo

R
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for this problem results in a value exceeding 4000 (7), justifying assumption (2).
With these assumptions, the equation governing the concentration of volatiles
within the particle becomes
2 (e ch) - 1 2 (r%pk Bo ac) = b 9)
ot P 2 o u ar

with p = cRgT. The initial and boundary conditions are given by

t=0 g = pso, P = 0, T= Ti,c = po/RgTi
r=0 aT=0 , 3¢ =0 10)
or ar

R N - 4
r=R ke BT = oFT + h (T )

T) + ec(Tﬁ -7

o>
~

N =K (c-c)

where K is the corrected mass transfer coefficient given by

= % M)
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Thus the Level 3 problem is specified by Eaqs. 1-3 and 9-11, whose nondimensionaliza-
tion introduces the new parameter 84 (see Table 1). The reader should note that the
Level 3 problem is more mathematica?]y complex then its predecessors due to the
coupled boundary conditions in £q. 10, reflected in the dependence of W and X on

¢h and ¢y, which are both functions of the unknown flux of volatiles N at the sur-
face of the particle.

RESULTS

The coupled set of ODE's and PDE's making up the Level 1-3 problems were solved
using the method of lines (10) as implemented in a modified form (9) of the algorithm
PDEOKE developed by Sincovec and Madsen (11). The coupled system of ODE's obtained
from the method of lines was integrated using the GEARB package developed by Hind-
marsh (12). Numerous tests were performed to ensure the integrity (accuracy and
precision) of the results, as described in detail in Reference 9.

. The influence of the particle diameter, the incident intensity of solar radic-
tion, and the freestream fluid temperature on the time dependent volatilization of
the cellulose particle was studied in a variety of numerical simulations. Table 2
catalogues values of the parameters selected for study. Due to space limitations,
gnly a small fraction of the results will be discussed here. The interested reader
is referred to Reference 9 for a more complete presentation.
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. Figures 1 and 2 display the weight loss of a particle as a function of time
(as would be measured using a TGA) for particles with diameters ¢f 100 and 500 um
surrounded by steam at 500°C, when exposed to flux densities of-50, 1003 200, 400
and 1600 W/cm2. Figure 3 shows the temperature histories of a 100 um diameter sub-
jected to a variety of flux densities with a freestream temperature of 800°C. It
is seen that the pyrolysis of the particle can be considered to take place in two
stages - a heatup stage and a devolatilization stage. In the heatup stage, the
particle heats up rapidly without a significant loss of weight. As the temperature
of the particle increases, the reaction rate increases considerably and the devol-
atilization stage sets in. As a general trend, it is observed that the time taken
for complete devolatilization of the particle decreases with increasing solar flux,
increasing fluid temcerature and decreasing particle size. However, as evidenced
in Figure 3, smaller particles subject to lower flux densities reach a stagnation
temperature slightly above the freestream temperature after which little temper-
ature change occurs until pyrolysis is complete. This causes the time for vola-
tilization of the smaller particles subject to lower flux densities in cooler
environments to increase considerably.

To calculate the values of the dimensicnless numbers 91—95 associated with the
Level 1 problem, Tp and 8 must be evaluated. An estimate of Tp (1) may be obtained
using

2 12)

= A'R T

Tp = E/(Rgln( g p/BE))

where the value B can be estimated using the following formulae for the initial val-
ues of the heating rate due te radiation and convection
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with B = B+ B.. As discussed earlier, the value of B decreases during heatup and
volatilization.® This penomena is illustrated in Figure 4. If the value of 8 esti-
mated above is reduced by 50%, values for Tp estimated using Eq. 12 usually differ
from the exact values by less than 50°C. Larger errors are encountered for small
particles and iow fluxes, when a stagnation temperature is reached. For these cases,
the value Tp = Tf would be more appropriate.

Tables 3 and 4 present representative values of the nondimensional numbers 61-8¢
based on values for Tp and 8 calculated using the above procedure. Increasing values
of 61 and 0, reflect the decreasing zbility of solar radiation to provide both the
sensible heat and the endothermic heat of reaction requirements. The anomalous
behavior of 83 reflects errors associated with our method for approximating the value
of B used to calculate T,. Megative values of 84 occur when Tp>T¢. For 8p<-1 the
particle should reach a gtagnation temperature, 1n which case ?psz and 84 is arti-
ficially assigned the value 84 = 0. As expected, values of 85 and 8g are influenced
by B and Tp.

If heat transfer to the particle during devolatilization is rate limiting,. then
a characteristic time ty, for devolatilization can be estimated using

tan = Ao R 15)

&FTfF"ﬁ(“;13;77§
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Similarly, a characteristic heatup time thh can be defined based on the sensible
heat requirement:

thp = Psocpso(Tp_Ti)R 16)
aFI + h(ng-Ti) + (Tf—T ))
2

Figures 5 and 6 display the relationship between the actual values for tb and td
and the estimated values thh and tdp using Egs. 15 and 16 above. The evident
Tinear relationship between the estimated and actual values of tp and t? provides
an algorithm (using Egs. 15 and 16, and Figures 5 and 6) which accurately estimates
ths tq and the total time ti = t;, + t4 required for pyrolysis without resort to
numerical integration of the Level 1 0ODE's.

For all of the cases studied in this work ty < tg; consequently chemical kinet-
ics control the total time required for the pyrolysis of the particle. Only for ex-
tremely high heating rates does th 5_td.

Figure 7 displays representative results for the Level 2 problem. In general,
internal conduction and convection increase the time required for devolatilization,
but have little effect on heatup. The incrzase in t4 is more prominent for larger
particies, and higher heating rates. The fact that {j is not depandent on internal
conduction and cecnvection may be understood in terms of the characteristic time for
conduction t. = Rzlas, which takes on values 4.17, 16.7 and 417 ms for particles with
diameters of 50, 100 and 500 um (respectively}. These values of tc are comparable
to the heatup times tp for the Level 1 problem; hence the value of 07 is close to
unity for all the cases studied. Consequently, pyrolysis does not occur at the same
time throughout the particle; rather the particle's surface rapidly heats and under-
goes pyrolysis while the inside remains "cool." Thus pyrolysis occurs by ablation
in all the cases studied, and ty is unaffected by internal conduction and convection.

Table 5 displays values of ©g calculated using the approximate characteristic
temperature Ty defined earlier for the Level 1 problem. Values of ©g indicate that
for large par%iq]es and higher heating rates the internal convective heat flux (which
tends to cool the particle) becomes comparable in magnitude to the conductive heat
flux. This effect tends to increase tq by counteracting heat flow into the particle
during pyrolysis. Figure 8 displays the dependence of ty (Level 2)/ty (Level 1) vs.
0g. The observed linear deperidence permits one to correct the estimated value of ty4
(obtained by methods discussed earlier for the Level 1 problem) by simply evaiuating
?8 and gu]tip]ying tq (Level 1) by the appropriate correction factor obtained from

igure 8.

Values of og were estimated for the range of parameters studied in this work.
In almost all cases Og > 10 {in the worst case 89 = 1): consequently for the cases

studied volatiles do not accumulate within the particle and nc pressure gradients
are generated. For this reason, no attempt was made to solve the Level 3 problen.

CONCLUSIONS

Fer all the cases treated in this work, chemical kinetics control the time
required to achisve devolatilization of the particle. Because of ablation, the time
required for intraparticle heat transfer plays a less significant role. Mass trans-
fer limitations were not significant for any of the cases studied.

Stmple formulae were derived which facilitate rapid accurate estimates of ty,
ty and t; for many problems of interest. Evaluation of the nondimensional parameters
01 - 09 should enable other workars 1o apply the specific results of this work to
their own problems.
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Table 1
Dimensionless Parameters

Significance

sensible hcat requirement
heat suppiied by incident solar radiation

heat of reaction
sensible heat

heatup time

Parameter Expression
Ll Psof soRs
af§
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03 ( T — 1
rayi=1pe
B (v 'a cxp(-E/RgYp)
@ h(Te-T0)
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B eo
- on-1
% @; " praxp(- ‘/Rng\‘pa
y
] Poka,

R T . boso(v')"‘]A'exp(-s/kgrp)

9P

Particle diameter
Flux density
Freestream temperature

pyrolysis time

convective heat transfar

{acident solar radiation

wall radiation
incident solar radiation

‘particle radiation
incident solar radiation

Yeatup time
conduction time

internal_convection
corduction

volatiles flcw rate

volatiles generation rate

Table 2

Selected Values of Parameters
Used in the Simulations

50, 100 and 500 um
§0, 100 200, 400 and 1600 H/c-n
.:00" and 8’)0"

Table 3

Yalues of dimensionless parameters
0p°C

100 u diameter, Te=5

_(u/;.ﬂ el 02 a3 94 85 86
1600 1.635 -0.0245 10.282 ~0.275 0.003 0.051
400 2.081 -0.0273 10.651 -0.877 0.036 0.183
200 2.583 -0.0285 11.046 -1.598 0.072 0.274
100 3.667 -0.0510 ? ? 0.144 0.144
50 5.834 -0,0510 ? ? 0.283 0.288
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Table 4

Values of dimensionless parameters
500 1 diamater, Tf = 500°C

01 62 63 64 65 66

1
(Wyen?)
1600 1.526 ~0.0285 10.434 -0.004 0.009 0.034
400 1.607 ~0.0318 11.372 -0.122 0.036 0.104
200 1.715 ~0.0336 11.532 -0.210 0.072 0.182
100 1.931 -0.0354 11.45) -0.358 0.144 0.321
50 2.363 -0.0370 11.419 -0.612 0.288 0.578
Table §
Values of the dimensionless parameter, 68
Te = 800°C
1 Particle diameter
Wend) 50u 100 ¢ 300 p
1600 0.252 0.531 2.78
200 0.084 0.155 0.54
50 0.063 0.108 0.232
T¢ = 500°C
Particle diameter
1
(Wen®) 50 100 p 500y
1600 0.236 0.488 2.74
200 0.108 0.485
50 0.169
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